it reports changes in free [Ca] in this space. Our previous studies were performed on gastric epithelilal cells, which have a relatively complex collection of compartments capable of ATP-dependent Ca accumulation as measured by this probe. In addition to the InsP3-sensitive store, gastric cells were shown to have an unusually robust mitochondrial Ca uptake activity, as well as a Ca-sequestering pool that was determined to be distinct from either the InsP-sensitive pool or the mitochondrial store. A disadvantage of using these cells is that the presence of multiple pools complicates the quantitation of free [Ca] in any one given pool, as described in detail in ref 4 .
A previous paper concluded from measurements on compartmentalized fura-2 that Ca was released uniformly from the internal stores by InsP3, but quantitation of free [Ca] changes was difficult due to the low Li of fura-2 (7). Moreover, there was no consideration of the issue of the dye becoming compartmentalized in multiple pools, with ensuing complications in interpreting the data. Thus, precise determination of the intraluminal free [Ca] of the internal store has not been possible before, but this value is of potential interest to many investigators, e.g., for understanding the kinetics of the InsP3-induced release and subsequent refilling of stores. Furthermore, many luminal enzymes and resident proteins of organelles bind Ca, and in some cases a regulatory role for Ca binding has been suggested. For instance, in the endoplasmic reticulum BiP, protein disulfide isomerase, reticulocalbin, and reticuloplasmins are luminal Ca binding proteins, the location of which may coincide with the InsP3-sensitive store (8) (9) (10) . It would be interesting to know whether the binding affinities for Ca lie within a range that might suggest regulation by [Ca] changes occurring during the InsP3-induced release.
We report here on a fibroblastic cell type, the BHK-21 cell line, that appears to have essentially one functional type of store capable of accumulating Ca in an ATP-dependent manner as measured by the mag-fura-2 technique. The fact that mag-fura-2 monitors [Ca] in mainly one pool in this cell type greatly simplifies the interpretation of data and permits the estimation of the amount of Ca released during InsP3 stimulation.
Furthermore, the flattened morphology of these cells makes it possible to examine the spatial distribution of InsP3-responsive stores using imaging techniques and conventional optics. We also investigated the ionic dependence of InsP3-induced Ca release and reloading in BHK-21 cells. Because Ca pumping by the Ca-ATPase is an electrogenic process, it is expected that refilling the internal store will require the movement of a counterion. Similarly, a counterion would also be expected to accompany Ca during the massive release of Ca from the internal store during agonist stimulation. In fact, it has been established in a number of cell types that a permeant ion must be present in order to elicit a response, but the particular ionic requirements for this process and the pharmacological characteristics of these parallel pathways appear to vary depending on cell type. For example, it has been reported that Cl is required for the refilling of ATP-dependent Ca pools in pancreatic and gastric cells (3, 11) . The coupling of Ca fluxes to univalent cations, with particular emphasis on the role of K in the release process, has also been examined in liver, brain, and platelets (12) (13) (14) (15) . To our knowledge, the participation of HCO3 ions has not been investigated.
Here we report that Cl, Na, and K all participate in the release and reloading process after InsP3 stimulation in BHK-21 cells. Physiological concentrations of HCO3 only occasionally were able to support the response. 
MATERIALS AND METHODS

Ratio imaging experiments
After permeabilization with SL-O or digitonin, the cells were then ready for ratio imaging measurements, using a system described previously in more detail (16 from Mg under our experimental conditions. In the presence of 3 mri ATP and 170 n free Ca, internal stores were loaded with Ca as indicated by the relatively high ratio. The darkened central area of the image corresponded to the nucleus, which was devoid of organelles and thus did not accumulate mag-fura-2 in the permeabilized cell. It was noted that there were subtle variations in the ratio throughout the resting cell, reflecting an inho- InsP3 (a supramaximal dose) resulted in a rapid decrease in the ratio in all portions of the cell, indicating that InsP3-responsive stores are distributed throughout the cell, and are not localized to discrete regions in this cell type.
We often observed a perinuclear region that was slightly less responsive to InsP3 than the periphery of the cell. Such a region was conspicuous in approximately 30% of cells and was also apparent in the cell depicted in Fig. lB. Figure 1C compares the ratio change upon InsP3 stimulation in selected regions near the nucleus, at the periphery, and an average of the entire cell. The magnitude of the InsP3-induced decrease in these perinuclear "hotspots"
was 75 ± 6% of that observed in the remainder of the cell (n = 7). This zone of reduced responsiveness typically constituted a small proportion of the total area and, as such, did not greatly influence the overall ratio change measured in the whole cell. TTn. Figure 2A shows the response of a permeabilized BHK cell to 6 p.M InsPa. Maximal release was achieved within 64 ± 5 s (data from 15 records), and the effect of InsP3 was blocked by lOOmg/ml heparin (n = 2; not shown), a competitive antagonist of InsP3 binding to its receptor (19). Rapid refilling occurred upon removal of InsPa. Subsequent treatment with 100 nM thapsigargin, a specific blocker of the Ca-ATPase in the internal stc,re membrane (20), resulted in a relatively slow decline in the mag-fura-2 ratio (reflecting a passive leak from the store) that typically required 19 ± 2 mm (n = 6) for completion. Cyclopiazonic acid, a reversible blocker of the ATPase (21), had a similar action (not shown; n = 4). As seen in the trace, InsP3 was ineffective in eliciting any response after 20 mm in the A presence of thapsigargin (n = 5), indicating that the InsPsensitive pool had been completely emptied.
Removal of ATP from the bathing solution (which usually produced a relatively slow decline in the ratio in control cells) also had no further effect on the mag-fura-2 ratio in thapsigargin treated cells (n = 7).
We interpreted the ratio changes seen in Fig. 24 In the intact cell under physiological conditions, cytosolic free [Mg] has been reported to be in the range of 0.5 to 
C) Control experiment
demonstrates that it is possible to evoke InsP,-induced Ca release in intracellular buffer with zero Ca (EGTA only). Response to 6 jut InsP3 in normal intracellular buffer with 170 nu Ca, followed by brief perfusion with Ca free solution. InsP, is still able to elicit a response although the rate of release is significantly slower.
(23, 24). Because ATP is an effective chelator of Mg, the free [Mg] in our solutions was estimated to be only 1.7 p.M in the presence of 3 mM ATP. Removal of 0.1 mM Mg from the bath elicited a slow decrease in the mag-fura-2 ratio with a time course that was similar to that observed when ATP was omitted from the bath (not shown). We interpreted this change as a slow leak of Ca resulting from the loss of pump activity by the Mg-dependent Ca-ATPase in the internal store (n = 3; not shown). As seen in Fig. 2B, and then perfused with a Ca free solution in the absence or presence of 4-Br-A23187 (10 mM), as depicted in Fig. 2C , there was no addtional change in the ratio (n = 4). Because 4-Br-A23 187 carries both Ca and Mg, this result also demonstrates that under our experimental conditions there is no detectable residual pool of Ca or Mg in these cells in the absence of ATP (or after thapsigargin treatment).
These results are consistent with the existence of one major type of Ca-sequestering compartment that requires ATP for filling and that can be depleted entirely by thapsigargin.
We were interested to know whether the mag-fura-2 technique could also be used to study Mg transport in the InsP3-sensitive store. However, the following experiments suggest that the permeability of internal store membranes to Mg is low compared to that for Ca, and that there is no measurable Mg flux through the InsPa receptor.
First we examined the effect of altering [Mg] in the intracellular solution under resting conditions where internal stores of Ca were full, i.e., in the presence of 170 nM free Ca and 3 mM ATP. As seen in Fig. 3A , switching between intracellular buffers containing 0.1, 5.0, or 10.0 mM added Mg had little effect on the mag-fura-2 ratio of resting cells. To test whether fluxes of Mg were occurring during InsPastimulation, we first removed Ca from the bathing solution (still in the presence of 0.1 mM added Mg and ATP), which resulted in a large decrease in the mag-fura-2 ratio (Fig.  3B) . Addition of 5 mM Mg had minimal effects on the ratio, again suggesting that the permeability of the store to Mg was relatively small. Subsequent treatment with InsP3 in the absence of Ca (but in the presence of 3 mM ATP and 5 mM Mg) had no effect on the ratio. However, because the InsPa receptor is known to be modulated by cytosolic [Ca] such that Ca release is diminished in the absence of Ca (25, 26), we were concerned that the protocol used here might not have revealed Mg movements due to inactivation of the InsP3 receptor. As seen in Fig. 3C , internal stores of BHK-21 cells were capable of responding to InsPa in the absence of cytosolic Ca, although the response (determined in the same cells) was on average 4.2 ± 0.7 (n = 6) times slower than was observed when the intracellular buffer contained 170 nM free Ca. 
Testing for the presence of other types of Ca stores
In previous studies of gastric epithelial cells using the magfura-2 technique we noted a relatively large component of ATP-dependent Ca-sequestration, which based on the actions of mitochondrial inhibitors was ascribed to mitochondrial uptake (4) . In contrast, these inhibitors had no effect in permeabilized BHK-21 cells. As seen in Fig. 24, 1 tuted such a large proportion of the total sequestered Ca (approximately 85%), the error in our estimate will be minimized if nonresponding pools are present.
Ionic dependence of Ca release and reloading
Both the efflux of Ca through the InsP3 receptor during stimulation and the refilling of internal stores are electrogenic processes, and thus a counterion must accompany the movement of Ca in order to neutralize charge. The following experiments were designed to test the ionic requirements for the release and reloading of Ca in BHK cells by comparing the response to InsP3 in solutions of varying ionic composition. Figure   5A shows a control stimulation 
4; not shown).
Because omission of Cl had no obvious effect on the InsP3 response it was inferred that cations might play a role in the release and reloading process, so we next performed experiments in Na-free solutions (Fig. 5C ). There was no discernable difference in the InsP3-induced discharge in the presence of 31 mM Na or in the absence of Na ions (n = 4). However, as seen in Fig. 5D , there was a marked attenuation of the response when cells were perfused with an intracellular solution deficient in K, where the replacement cation was either NMG (n = 7) or choline (n = 4). On average the magnitude of the InsP3-induced ratio change in K-free solutions was 46±4% of that observed under control conditions in K-containing medium. In intracellular solution in which Na and K were both removed (NMG or choline replacement), InsP3 elicited a decrease in ratio that was similar to that obtained under K-free conditions (45±7% of control; n = 4, not shown). No difference in the response was observed when Cs was used as the replacement for K (n = 6; not shown). From the data presented above we concluded that the release and reloading process did not depend entirely on any one ion, although because there was a considerable attenuation in the absence of K this ion was likely playing the most important role. To assess more directly whether Cl, HCO3, K, or Na were serving as counterions, we used sucrose-based solutions in which only one species of permeant ion was added at a time. In a nominally ion-free intracellular solution containing only 300 mM sucrose, 3 mM Tris-ATP, 170 nM free Ca (using Ca-EGTA buffers), and 0.1 mM MgCl2, there was no response to InsP3 ( Fig.   6A; n = 14) . However, when 60 mM K was subsequently introduced (as K-gluconate), the InsP3 response was restored (n = 22). As illustrated in Fig. 6B , addition of 45 mM Na-gluconate was also sufficient to initiate a partial release and reloading of sequestered Ca (n = 7). Shown for comparison is the result of InsPa stimulation in the presence of 100 mM K-gluconate in the same cell. Addition of 60 mM NMG Cl to the sucrose solution also restored Ca mobilization and the subsequent refilling of the pool (n = 4), although the response was less robust than that observed in the presence of Na or K, also shown in Fig. 6B . In contrast, sucrose solutions containing approximately 15 mM HCO3 (bubbled with 5% CO2) supported the InsP3 response in only 20 of 84 cells. Representative records from from responding and nonresponding cells in HCO3lsucrose buffers are shown in Fig. 6C . Note that the onset of the InsP-induced release occurred after a considerable lag in those cells that released Ca.
From these data we conclude that compensatory movements of K, Na, and Cl (and possibly HCO3) can occur during the release and reloading of Ca during InsPa stimulation. Although we did not investigate in detail the relative abilities of these ions to support this process, it appeared that Na and K substituted more readily than Cl and much better than HCO for both efflux and reuptake of Ca.
We also investigated the effects of a number of K channel blockers on InsP3-induced release in normal intracellular solution. Quinidine (100 p.M. n = 3), apamin (0.5 mM, n = 2), 4-aminopyridine (2 mM, n = 2), and tetraethylammonium (TEA, 10 mM, n = 2) had no effect on the InsPa response compared to control responses in the same cells (not shown).
DISCUSSION
In the present study we used a fluorescence technique recently developed in our laboratory to monitor free [Ca] 
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Vol. Given that two univalent ions must move for every Ca ion that crosses the store membrane, and that the buffering of Ca within this compartment could be considerable (say 100-fold), it is possible that there are significant and measurable (i.e., 30 mM) fluctuations in the intraluminal concentration of counterions during the release and reloading process. Our data therefore allow us to speculate about the events involved in the release of Ca from the store. The store membrane has large endogenous permeabilities to K, Na, and Cl but lower permeabilities to Ca, Mg, and HCO3. InsPa-induced release of Ca from the store occurs because Ca permeability increases, and there is rapid exchange (to maintain electroneutrality) of K, Na, and Cl through the permeability pathways that are always present in the membrane of the Ca store. The coordination of these ion movements and the mechanisms whereby the volume of the store is simultaneously maintained during the stimulatory cycle are interesting areas deserving further investigation. Vol. 9
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